Three methods of efficient pore size control for microporous carbon membranes were developed, (1) vaporphase synthesis of furfuryl alcohol (FFA) carbon membranes, (2) pore size control by post-activation and (3) quaternary ammonium salt-mediated method for the direct synthesis of microporous carbon membranes with large pores. (1) At first, a H2-permselective FFA carbon membrane with pore size of 0.30 nm was prepared through optimization of the conditions of FFA deposition and carbonization process. (2) Next, the FFA carbon membranes were activated using various gases and vapors such as H2, CO2, O2 and steam (H2O). Different pore sizes and morphological changes were observed by changing the activation agent and temperature. After activation using H2 at 700 , the pore size of the microporous carbon membrane was increased from 0.30 to 0.45 nm. (3) Quaternary ammonium salt-mediated synthesis was developed for the direct synthesis of microporous carbon membranes with pore size larger than 0.40 nm. Using two types of cationic tertiary amines with different chain lengths, microporous carbon membranes with uniform pores of 0.4 nm and 0.5 nm were successfully synthesized. Using these methods, microporous carbon membranes with uniform pore sizes from 0.30 to 0.50 nm were successfully prepared, and were used in various H2 separation processes. These microporous carbon membranes showed superior H2-permselectivity in various H2 separation processes such as H2/CO, H2/CO2 and dehydrogenation of organic hydrides in a membrane reactor. The present techniques are expected to achieve precise pore size control of microporous carbon membranes.
Introduction
Hydrogen is a clean energy carrier for use in polymer electrolyte membrane fuel cells (PEMFC) which can alleviate the environmental pollution caused by fossil fuels. H2-rich gas fuel for the fuel cells can be produced from methanol or gasoline by reforming 1) . However, carbon monoxide is formed as a byproduct at concentration levels of 1-25 %, and acts as a severe poison of the Pt electrocatalyst in the fuel cell 2) . In general, the CO content in the hydrogen gas must be below 20 ppm for use as an anode gas in PEMFCs 3) . Membrane separation technologies have advantages over existing separation processes due to high selectivity, lower energy consumption, moderate cost to performance ratio and compact design. Consequently, compact membrane modules could be used to remove CO in reformed gas to levels of several ppm.
Hydrogen gas has an explosive combustion rate and very low combustion temperature, so a safe system is needed for H2 storage and transportation. Organic chemical hydrides (OCH) based on hydrogenated aromatic hydrocarbons such as cyclohexane, methylcyclohexane and decalin, offer many advantages, such as high H2 content (e.g. 7.2 wt% in cyclohexane) and easy transport 4) . Recently, Chiyoda Corp. started up demonstration plants for the OCH system 5) . Equilibrium conversion in the dehydrogenation reactions of organic chemical hydrides is limited by thermodynamics and increases with temperature. Application of membrane reactors to the dehydrogenation reactions of organic chemical hydrides has been investigated 6) 9) , since H2 extraction from the reaction mixture would lead to conversion enhancement and simultaneous H2 production at lower temperatures.
Microporous carbon membranes are a type of nonpolymeric membrane with attractive characteristics such as high corrosion resistance and flexibility in pore size control. Thus, microporous carbon membranes have been widely studied in gas and vapor separation processes such as natural gas processing, hydrocarbon separation, air separation and H2 purification 10) 16) . In general, the preparation of microporous carbon membranes involves 5 steps 17) , (1) precursor selection, (2) polymeric membrane preparation, (3) pretreatment, (4) carbonization and (5) post treatment. The important steps are (1) precursor selection and (4) carbonization. During carbonization, the pore structure of the carbon membrane is formed, so this step determines the ability of a carbon membrane to separate gases and vapors. The pore size of microporous carbon membranes is basically determined by the carbon precursor and carbonization. However, use of microporous carbon membranes in various gas and vapor separation processes requires precise pore size control.
We have prepared H2-permselective microporous carbon membranes by a vapor deposition polymerization (VDP) method using furfuryl alcohol (FFA) as the carbon source, and developed FFA carbon membranes with pore sizes optimized for various H2 purification processes 18), 19) . In addition, a quaternary ammonium salt-mediated method was developed for the direct preparation of microporous carbon membrane with pores larger than 0.4 nm 20), 21) .
Vapor-phase Synthesis of H2-selective FFA Carbon Membranes
Microporous carbon membranes can be divided into two categories: unsupported and supported carbon membranes. The carbon molecular sieve film used for gas/vapor separation must be as thin as possible for optimum permeation and separation efficiency. Supported membranes have advantages in easy synthesis of thin films, mechanical strength and handling convenience compared to unsupported carbon membranes. In general, polymeric precursor membranes are prepared by coating of precursor solutions on porous substrates. In contrast, a gas phase coating technique, vapor deposition polymerization (VDP), has been developed to prepare supported carbon membranes from FFA 22) . The membranes prepared by the VDP method have high selectivity for CO2/CH4 separation of 80-90 with CO2 permeance in the range of 2.7 10 -9 to 5.8 10 -9 mol m -2 s -1 Pa -1 . Therefore, the VDP method is effective for synthesis of crack-free membranes with a large area. However, VDP synthesis of microporous carbon membranes is less well known 22) . Previous ly, we reported the synthesi s of H2-permeable carbon membranes by the VDP method using FFA 18) . The conditions of deposition of FFA and carbonization of the FFA polymer membranes were optimized to control pore size.
1. Formation of FFA Polymer Membranes
An α-alumina plate support (10 mm 10 mm, average pore size of 100 nm, purchased from NGK Insulators, Ltd.) coated with H2SO4 solution was exposed to FFA vapor resulting in formation of FFA polymer membrane. However, FFA polymer was not deposited on a bare alumina support, indicating H2SO4 acted as a catalyst for the polymerization. FFA polymer was not formed on the support using other acids such as HCl and HNO3. Therefore, a nonvolatile acid, H2SO4, is the appropriate catalyst for this vapor-phase synthesis.
The vapor-phase synthesis was carried out at 180 for 10, 30, and 60 min. Figure 1 shows the effect of synthesis time on the mass of the FFA polymer per unit membrane area. The mass of the FFA polymer proportionally increased with longer synthesis time. Figure 2 shows the scanning electron microscope (SEM) images of the cross sections of the FFA polymer membranes deposited for 10, 30, and 60 min. Uniform layers were not observed for the membrane synthesized for 10 min. In contrast, the membrane synthesized for 30 min had a uniform top layer with a thickness of about 2.5 μm. The membrane synthesized for 60 min had a top layer with a thickness larger than 5-10 μm (Fig. 2c) . The membrane had a partly lumpy surface (Fig. 2d) . We consider that FFA molecules were deposited and polymerized around the H2SO4 catalyst to form small particles at the beginning of the vapor-phase synthesis. The particles grew with longer synthesis time, resulting in the formation of a top layer on the support after 30 min. H2SO4 was inhomogeneously dispersed over the support, so that the top layer grew more with longer synthesis time at locations with high concentration of H2SO4.
Formation of FFA Carbon Membranes
Permeation of pure gases (H2 and CO2) were carried out to evaluate the micropore formation process of the FFA carbon membranes. Figure 3 shows the permeances of H2 and CO2 through the FFA carbon membranes carbonized at different temperatures. The VDP time was set to 30 min. The detection limit of the permeance is 1 10 -12 mol m -2 s -1 Pa -1 under the permeation conditions in this study. No permeations of H2 and CO2 through the FFA polymer membrane were observed, indicating that the FFA polymer has no micropores before carbonization. The permeances of both H2 and CO2 through the membrane increased with higher carbonization temperature in the temperature range of 200-500 and exhibited maxima at 500 . However, the resulting membranes showed no permselectivity of H2/CO2. We consider that micropores appeared at 200-300 and the micropore volume increased at higher temperatures to 500 due to gasification of the FFA polymer. The pore size of the generated micropores must be larger than 0.33 nm based on the molecular sizes of H2 (0.29 nm) and CO2 (0.33 nm). The permeances of both H2 and CO2 through the FFA carbon membranes decreased at carbonization temperatures above 600 . The permeance of CO2 through the FFA carbon membrane was significantly reduced at 800 , although the permeance of H2 was still higher than 10 -8 mol s -1 m -2 Pa -1 at 600-800 . Finally, no permeation of H2 was observed at 1000 . Gas permeances are reported to decrease with higher pyrolysis temperature although higher permselectivities were achieved 23), 24) , suggesting that carbonization at higher temperatures causes pore shrinkage. The permeances of CO2 through the FFA carbon membranes carbonized at 800 ranged from 10 -12 (detection limit) to 8 10 -10 mol m -2 s -1 Pa -1 . In this study, high permselectivity of H2/CO2 was achieved at 800 , suggesting that the pore size was reduced to about 0.30 nm. Therefore, carbonization at 800 is the optimum condition to prepare microporous carbon membranes derived from the FFA polymer.
3. Separation Performance of FFA Carbon
Membranes The binary mixed gas fluxes and separation factors of H2/CO2, H2/CO and H2/N2 through the FFA carbon membrane at different temperatures are summarized in Fig. 4 . The H2 permeance increased with higher temperature, indicating that the gas transport was governed by active process. High separation factors were observed for H2/CO2 ( 22900), H2/CO ( 2510) and H2/ N2 ( 2480) at 150 . CO2, CO and N2 permeation was not observed even at 150 . The FFA carbon membrane was considered to have a very narrow pore size distribution with a pore size of less than the kinetic diameter of CO2 (0.33 nm). Therefore, the FFA carbon membrane has potential for various H2 purification processes. 
P o r e S i z e C o n t r o l o f t h e F FA C a r b o n Membranes by Post-synthesis Activation and Its Ap p l i c a t i o n t o a M e m b r a n e R e a c t o r fo r Dehydrogenation of Methylcyclohexane
The FFA carbon membrane carbonized at 800 had uniform pores with a size of 0.30 nm, and showed superior H2 permselectivity. The FFA carbon membrane is expected to be used for other H2 purification processes, such as the basis for a dehydrogenation membrane reactor in the OCH process.
Previously, we developed a FFA carbon membrane with pore sizes optimized for H2 separation in the dehydrogenation of methylcyclohexane in a membrane reactor 19) . For the separation of H2/methylcyclohexane and H2/toluene (dehydrogenated chemical of methylcyclohexane), larger pore sizes are favorable for improving H2 permeance but should be less than 0.6 nm since the kinetic diameters of methylcyclohexane and toluene are about 0.60 nm. Various post-synthesis treatments have been applied to control pore size and to improve the separation properties of microporous carbon membranes, including activation (oxidation) 11),25), 26) , chemical vapor deposition 27) 29) , pyrolysis 30) and coating 10), 31) . Activation is a common treatment used to control the pore size of carbon membranes. In our previous study, the pore size of the FFA carbon membranes was increased by post-synthesis activation using various gases and vapors such as H2, CO2, O2 and steam (H2O) 19) . Activation treatments using different gas/ vapors at different temperatures had various on the pore size and morphology of the FFA carbon membranes. The activated FFA carbon membrane was applied to the dehydrogenation of methylcyclohexane in a membrane reactor.
1. Effect of Activation Treatments on Gas
Permeability FFA carbon membranes were prepared on a porous α-alumina tube (o.d. 10 mm, i.d. 8 mm and 30 mm length, average pore size of 100 nm, purchased from NGK Insulators, Ltd.). The obtained FFA carbon membranes were activated under various gas and vapor atmospheres such as H2, CO2, O2 and steam (H2O) for 1 h at 300-700 with a heating rate of 5 /min. These activated membrane samples are named as "activating agent-activating temperature," for example "H 2O-400 ." Pore sizes were evaluated from the molecular sieving properties by single gas permeation of H2, CO2, CH4 and CF4.
Single gas permeances through the FFA carbon membranes are plotted in Fig. 5 as a function of kinetic diameter (d). Only H2 permeated through all as-made FFA carbon membranes with similar permeances. The permeance of H2 did not change after activation under CO2 atmosphere at 400 (Fig. 5a) . However, the permeance of H2 increased to 1.3 10 -7 mol m -2 s -1 Pa -1 , about four times higher than that of the as-made FFA carbon membrane, after activation at 600 whereas permeances of other gases were still below the detection limit (1 10 -11 mol m -2 s -1 Pa -1 ). These results indicate that the CO2-600 membrane contained uniform pores with a size of 0.30 nm. The permeation of CH4 and CF4 was detected after activation at higher temperature (700 ). The permselectivities of H2/ CH4 and H2/CF4 were largely decreased, suggesting that the membrane was excessively activated and pore size was increased. Similar to the results for CO2 activation, the permeance of H2 did not change after O2 treatment at 300 (Fig. 5b) . The H2 permeance increased after the O2 treatment at 350 and 400 , but the permselectivity of H2/CO2, H2/CH4 and H2/CF4 disap- peared. Different trends were found for H2 and H2O activation. The permeance of H2 increased from 3.6 10 -9 to 1.6 10 -8 mol m -2 s -1 Pa -1 after H2 treatment at 700 (Fig. 5c) , which is about four times higher than that of the as-made membrane. Permeation of CO2 and CH4 was detected, whereas the permeance of CF4 was below the detection limit. The permselectivities of H2/CO2, H2/CH4 and H2/CF4 were 4.1, 3.4 and 41500, respectively. These results indicated that the pore size of the FFA carbon membrane was still uniform and increased from 0.30 to 0.45 nm by H2 activation at 700 . Both H2 permeance and permselectivity could be increased by this method. The permeance of CO2 increased after steam activation (Fig. 5d) at 600 . The permeances of CH4 and CF4 through the H2O-600 membrane were below the detection limit, suggesting that the pore size of the FFA carbon membrane increased from 0.30 to 0.35 nm after steam treatment at 600 . Permeation of CF4 was detected after activation at 800 . Therefore, the pore size of the H2O-800 membrane was larger than 0.50 nm (defects).
2. Activation Mechanism
Cross-sectional SEM images of carbon membranes are shown in Fig. 6 . Before activation, the FFA carbon membrane had a uniform top layer with a thickness of about 6 μm. After treatment under CO2 atmosphere, the thickness of top layer was reduced to about 1.5 μm. This reduction in thickness seems to contribute to the increase in H2 permeance. In contrast, the thicknesses of the top layers of the H2-700 and H2O-600 carbon membranes were about 6 μm, similar to the as-made membrane, although activation remarkably increased the H2 permeance.
Possible effects of activation on the pore size and membrane thickness are summarized in Fig. 7 . The as-made FFA carbon membranes had uniform pores with a size of 0.30 nm. The CO2 molecule with a kinetic diameter of 0.33 nm is too large to diffuse into these pores. Consequently, CO2 molecules adsorbed on the top surface of the FFA carbon membrane can react with carbon (gasification), leading to reduced (Fig. 7a) . Therefore, the higher H2 permeance was possibly due to the reduced thickness of the top layer of the carbon membrane.
On the other hand, the kinetic diameters of H2 and H2O molecules are 0.29 nm and 0.26 nm, respectively, which are smaller than the pore size of the as-made FFA carbon membranes. Consequently, both H2 and H2O molecules diffused into and were adsorbed on the inner surface of the pores. Gasification of the inner surface of pores then occurred, leading to the higher pore size (Fig. 7b) . The higher permeance of H2 was mainly due to the greater pore size of the activated FFA carbon membranes.
Dehydrogenation of Methylcyclohexane Using the Membrane Reactor
Separation for H2/methylcyclohexane and H2/toluene requires enlargement of pore size but to less than 0.6 nm for optimum H2 permeance and permselectivity, since the kinetic diameters of methylcyclohexane and toluene are both about 0.60 nm. The H2-700 carbon membrane was applied to the dehydrogenation of methylcyclohexane in a membrane reactor. Platinum-supported alumina pellets (0.5 wt% Pt/Al2O3) purchased from N.E. CHEMCAT Corp. were used as catalyst. A schematic diagram of the membrane reactor apparatus is shown in Fig. 8 . Figure 9 compares the conversions of methylcyclohexane at different temperatures using the fixed-bed reactor and the membrane reactor. Methylcyclohexane conversion exceeded the equilibrium value in the membrane reactor using the H2-700 membrane, and was larger than in the fixed-bed reactor. No organic compounds (methylcyclohexane and toluene) were detected in the permeation side stream. Therefore, only H2 permeated through the H2-700 membrane from the reaction side to the permeated side. Toluene was the only product in the reaction side stream, indicating that side reactions did not occur. The toluene yield based on methylcyclohexane was equal to the conversion of methylcyclohexane as in the fixed-bed reactor. The improvement in methylcyclohexane conversion can be explained by the selective removal of generated H2. Selective H2 extraction results in a shift in the apparent equilibrium, resulting in enhanced methylcyclohexane conversion and simultaneous production of H2 and toluene. These results show the potential of the H2-activated FFA carbon membrane in a membrane reactor for the dehydrogenation of chemical hydrides including methylcyclohexane.
Pore Size Control of Microporous Carbon Membranes by the Quaternary Ammonium Salt-mediated Method
In general, the pore size of microporous carbon membranes is determined by the carbon precursor and carbonization conditions. However, precise pore size control of microporous carbon membranes, especially with pore size larger than 0.4 nm, has been difficult using only simple carbonization. Various post-synthesis treatments including activation have been developed to modify pore size and to improve the separation properties of carbon membranes. However, direct synthesis methods for carbon membranes with uniform pores larger than 0.4 nm are needed.
Previously, our group reported the synthesis of microporous carbons by carbonization of cationic surfactantresorcinol/formaldehyde (RF) composites 32) , which were formed by electrostatic organic-organic interaction. Our group also developed quaternary ammonium salt-mediated synthesis of microporous carbons to control the pore size of microporous carbon membranes with uniform pores larger than 0.4 nm 20), 21) .
1. Effect of Carbonization Temperature on H2
Permeance An α-alumina plate support (10 mm 10 mm, average pore size 100 nm, purchased from NGK Insulators, Ltd.) was coated with colloidal silica. After drying, the pre-treated support was coated with precursor solution prepared from quaternary ammonium salts tetramethylammonium bromide (TMAB) and tetrapropylammonium bromide (TPAB), resorcinol, formaldehyde, Na2CO3, ethanol and deionized water. Quaternary ammonium salt-mediated carbon membranes were obtained following carbonization under N2 atmosphere.
Permeances of H2 through the TMAB and TPAB carbon membranes carbonized at different temperatures are shown in H2 through both membranes increased with higher carbonization temperature in the range of 250-400 and became stable above 500 . We considered that the pores appeared at 200-300 due to decomposition of the ammonium ions in the composite resins. No detectable increase in the pore size of the membranes occurred above 500 . Gasification of the composite resins would occur above 500 .
2. Effect of the Chain Length of Quaternary
Ammonium Salts on the Pore Sizes of Carbon Membranes Pore sizes were evaluated from the molecular sieve properties by single gas permeation of H2, CH4, CF4 and i-C4H10. Single gas fluxes through the TMAB and TPAB carbon membranes are plotted in Fig. 11 as a function of kinetic diameter (d). No permeation of CF4 and i-C4H10 through the TMAB carbon membrane and of i-C4H10 through the TPAB carbon membrane were observed. Based on the gas molecular sizes, the pore size of the TMAB carbon membrane was estimated Cal.: calculation, Exp.: experiments. to be about 0.4 nm. The pore size of the TPAB carbon membrane was thought to be about 0.5 nm. These results indicated that the pore size can be controlled by using different quaternary ammonium salts in the synthesis of the membrane.
Conclusion
Efficient pore size control methods for microporous carbon membranes were developed, and precise control was successfully achieved in the range from 0.30 to 0.45 nm. Hydrogen-selective carbon membranes were prepared by deposition of FFA vapor followed by carbonization of the FFA polymer. FFA carbon membrane with uniform 0.30 nm pores was obtained by optimization of deposition of FFA and carbonization of the FFA polymer membranes. The FFA carbon membrane showed superior separation performances for H2/ CO2 ( 22900), H2/CO ( 2510) and H2/N2 ( 2480) at 150 . For application to H2 separation in the dehydrogenation of methylcyclohexane in a membrane reactor, the pore size of the FFA carbon membranes was adjusted by the post-synthesis activation method. Different pore sizes and morphological changes were observed by changing the activation agent and temperature. After activation using H2 at 700 , the pore size of the microporous carbon membrane was increased from 0.30 to 0.45 nm. Using this membrane, methylcyclohexane conversion exceeded the equilibrium values due to selective H2 permeation. The present results showed that microporous carbon membranes have high potential for the dehydrogenation of chemical hydrides in membrane reactors. On the other hand, cationic surfactant-RF composites were used as carbon precursors for direct synthesis of microporous carbon membranes with uniform pores larger than 0.4 nm. Carbon membranes with pore sizes of 0.40 nm and 0.50 nm were successfully prepared using quaternary ammonium salts (TMAB and TPAB).
Our proposed methods enable precise control of microporous carbon membranes which can be used in various gas and vapor separation processes, including H2 separation processes. Future research will improve permeability. Compared to other microporous inorganic membranes such as zeolite membranes, rather low permeability was a major drawback of the microporous carbon membrane. To improve permeability, we have to develop carbon membranes with both thin layers and but also high density of accessible pores.
